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@ Catalyst for mild hydrocracking of cracked feedstocks and method for Its preparatioa 

@ A catalyst suitable for mild-hydrocracking of cracked petroleum iiydrocart>on feedstodts and 
selective to diesel fuels contains a cataiyticaUy active metal phase constituted by a Group Vl-B element, 
a Group Vllt first transition series element and a Group Vlil second transition series element, all 
supported on a titan ia-alumina support containing about 5% to about 30% by weight titania in the 
support The support is prepared by oomtMning titanium oxide and aluminum oxide hydrogels, in 
appropriate proportions, followed by extrusion, drying, and calcination. The catalytically active metal 
phase is introduced onto the support by impregnation followed by drying and calcination. The 
catalytically active metal phase is then sulfided. The produced catalyst is suitable for hydrodesulfuri- 
zation, hydrodenitrogenation, mild-hydrocracking and aromatics hydrogenatlon of previously cracked 
petroleum hydrocart>on feedstocks. 
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Technical Field 

This invention relates to catalysts for mild hydracracking of cracked petroleum distillation fractions and re- 
sidues. 

5 

Background of the Invention 

The catalytic mitd-hydrocracking process is a petroleum refining operation which converts heavy distillatnn 
fractions or residues of cracked petroleum distillates into middle distillates. 

10 In the first step of the reaction, the feedstock, which contains polycydic aromatics, is solely hydrogenated. 
after which hydrocracking takes place together with further hydrogenation. In the miid-hydrocracking process 
that follows, the polycydic aromattes are hydrocracked to monocydic aromatics as well as to paraffins. During 
the mild hydrocracking process, organic nitrogen and sulfur compounds are converted into ammonia and hy- 
drogen sulfide, respectively, to yield sweetened products. 

15 In a typical mild hydrocracking process, the petroleum feedstock is brought into contact with a catalyst 
which has both a hydrogenatkjn function and an acidic function. The hydrogenation (unction is provided by a 
combination of metals such as nickel-tungsten, nickel-molybdenum, cobalt-molybdenum, and the use of noble 
metals such as platinum, palladium, osmium, etc. The acidic function is provided by the catalytic support or 
substrate which consists, generally, of alumina modified by additives that improve the surface acidity of the 

20 catalyst, such as silicon, phosphorus, boron, fluorine, magnesium, titanium, zirconium, etc. 

In order to obtain specific products, a considerable effort has been made to develop and commercialize 
highly active and selective catalysts for hydroconversion of residues into middle distBiates and for the saturatton 
of aromatic compounds contained In these residues. 

For example. United States Patent No. 3,016,346 to O'Hara describes a nickel-molybdenum catalyst sup- 

25 ported on alumina and a smaller amount of titania (0.5 to 5.0 by weigtit %). The catalyst contains about 5% to 
about 10% by weight of molybdenum, about 0.1% to about 0.7% by weight c»balt and about 1% to about 5% 
by weight nickel, based on the weight of the finished catalyst. The catalyst has hydrodenitrogenation activity 
and also inhibits those hydrocracking reactions which result in excessive coke deposits on the catalysts when 
the catalyst is used for hydrotreating a thermally cracked middle firaction of naphtha in a standard relative activity 

30 test The alumina-titania support in O'Hara is prepared by oo-precipitation of aluminum and titanium hydroxides 
firom a solution of titanium tetrachloride, an aqueous ammonium hydroxide solutton and aluminum chloride and 
contains 3.7% by weight of titanium. 

United States Patent IMo. 4,465,790 to Quayie disdoses a hydrodenitrogenation catalyst comprising cat- 
alytic molybdenum and nickel on a co-predpitated support of alumina and titania. The support is co-precipitated 

35 from solutions of the sulfates of aluminum and titanium. Titania in the support constitutes more than 5% by 
weight of the catalyst The resulting hydrogel is processed using standard techniques to fbnn a catalyst support. 
Catalytic metals are then impregnated onto the support. The molybdenum loading on the catalyst is between 
10% and 25% by weight {as MoOj) and the nickel loading is from 2% to 10% by weight (as NiO). However, 
this particular catalyst has relatively poor mechanical properties and is difHcult to extrude during manufacture. 

40 European Patent Application 0 1 99 399 disdoses a method for making a hydrocarbon conversion catalyst 
with improved hydrodesuHurization and hydrodenitrogenatton activity. The catalyst contains a Group Vl-B metal 
that is either molybdenum or tungsten and a Group VIII metal that is either cobalt or nickel that are incorporated 
into a titania-containing alumina support. The catalyst is prepared by mulling together alpha aluminum mono- 
hydrate and titanium dioxide at a molar ratio of A laOg.TiOz ranging from 3: 1 to 15:1, acetic ackJ in a concentration 

45 ranging from 2.5 to 3.5 parts of acid per 100 parts of AI2O3 by weight, and suffident water to produce an ex- 
trudable mixture. The mixture is then extruded and caldned. The metals are impregnated onto the support by 
oonventionat methods. 

Summary Of The Invention 

50 

The trimetallic catalysts disdosed herein are useful for miid-hydrocracking of petroleum distillation fractions 
and residues. These catalysts are selective for the mild hydrocracking of cracked feedstocks or vacuum gas 
oil into diesel oils. In use. the present catalysts effectively convert aromatic compounds into saturated com- 
pounds. Also, the catalysts disdosed herein have good hydrodenitrogenatton acthnty. gocxi hydrodesuHuriza- 
55 tion activity, and are resistant to'deactivatton by coke or other carbon impurities in the petroleum distillatbn 
fractions and residues processed by the catalyst As a result, the present catalyst usually has a useful life of 
about 24 months or more. 

The catalyst of the present inventton has a support of titania and alumina wherein the titania is present in 
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an amount of about 5% to about 15%. . preferably about 6% to about 10%, by weight based upon the weight 
of the support. The support has a pore volume of about 0.4 cm^/g to about 0.8 cm^/g, based upon the weight 
of the support. At least about 95% of the pores In the substrate have a diameter In the range of about 20A to 
about SOOA. The catalytic support has a surface area of about 1 30 m^/g of catalyst to about 300 m^g of catalyst. 
s The catalyst also has a catalytically active phase of the catalyst Is constituted by three nietais. One metal is 
selected ft-om Group Vl-B of the Periodic Table. The other two metals are selected from Group VHI of the Per- 
iodic Table, one each from the first transition series of Group VIII and firom the second transition series of Group 
VIII. 

The Group Vl-B element preferably is either tungsten (W) or molybdenum (Mo). The preferred Group Vllt 

10 elements firom the first transition series are nickel (Ni) or cobalt (Co), and firom the second transition series are 
ruthenium (Ru) or palladium (Pd). The Group Vl-B element is present in an amount of about 6% to about 30% 
by weight expressed as the corresponding oxide, based on the total catalyst weight. The Group VIII first tran- 
sition series element, e.g., nickel or cobalt, is present in an amount of about 2% to about 10%, expressed as 
the corresponding oxkie, based on total catalyst weight. The Group VIU second transition series element is pres- 

15 ent in an anrYOunt that is in the range of about 0.1% to about 1% by weight, based on the total catalyst weight. 
The present catalyst exhibits certain signal band strength ratios, as detenmlned by x-ray photo-electron 
spectroscopy (XPS), that are represented generally by the formula (Metal)/(Metai Aluminum). This Is the ratio 
of the peak area of the particular metal to the peak area of that same metal and the peak area for aluminum 
(as alumina) in the catalytic support. These band strength ratios are In the range of about 4 to about 12 for the 

20 Group Vl-B element, preferably tungsten or molybdenum; about 1 to about 9 for the Group VIII element of the 
first transitfon series, preferably nickel or cobalt; about 0.1 to about 3 for the Group VIII element of the second 
transition series, and at>out 1 to about 10 for titanium. The catalyst is parttcijlarly well-suited for hydrocracking 
cracked feedstocks which contain in excess of 80% by volume of 200" -i- fractkins. 

The catalyst is prepared by first forming a catalyst support, impregnating this support with the catalytk:ally 

25 active metals, and then drying the impregnated catalyst under certain controlled condltkMis. The catalytic sup- 
port Is made from a mixture of aqueous aluminum sulfate and b'tanyl salt solutions to which an aqueous sodium 
aluminate solution is added to precipitate a titanium and aluminum hydrogei. The precipitated hydrogel is wash- 
ed and dried at a temperahjre of about SO^C to about ISO^C for 1 to 8 hours. The dried support is then mulled, 
preferably with a mild organic acid, such as acetic acid, and water, into a paste which is extruded into pellets. 

30 The extmded pellets contain about 5% to about 30%, preferably about 6% to about 15%. titania (titanium oxide) 
by weight, based on the weight of the support The extruded pellets, i.e.. the catalyst support, are then dried 
and calcined. 

The dried support Is first Impregnated with a solution of a Group Vl-B metal salt, preferably a tungsten or 
molybdenum salt. The metal concentration in the solution is sufficient to provide a concentration of about 8 per- 
35 cent to about 30 percent by weight of this metal (expressed as weight of the corresponding oxide), based on 
the weight of the catalyst The impregnated support is dried at a temperature in the range of about 30«C to 
about 150*'C, preferably in the 60 to 120<'C range, and then first calcined at a temperature of about 300*'C to 
about 400^C for two hours followed by calcination at a temperature of about 4S0*C to atKHit SSO^C for about 
3 hours. 

40 The impregnated support is then further impregnated with a solution of an element from the first transition 

series of Group VIII, Le.. cobalt, nickel, or iron, preferably cobalt or nickel, and an element from the second 
transition series of Group VIII, i.e., rhodium, ruthenium or palladium, preferably ruthenium or palladium. Pre- 
ferably, the latter two impregnations are made concurrently. The concentrations of the metals in solutkin are 
sufficient to provide concentrations of about 2% to about 10% by weight of the first transition series Group VIII 

45 element and 0.1 to about 1% by weight of the second transition series Group VIII element all based on the 
weight of the catalyst The further impregnated catalyst is then dried as before. i.e.. at a temperature in the 
range of about 30°C to about ISO^C. preferably in the 60 to 120^C range, and calcined at a temperature of 
about 300*^0 to about 400''C for two hours, and thereafter calcined further at a temperature of about 450''C to 
about 550''C for about 3 hours. 

50 The catalyst embodying the present invention is used to mildly hydrocrack cracked petroleum hydrocarbon 
feedstock by contacting the catalyst with the cracked feedstock under hydrocracking conditions, typically in- 
cluding a temperature range of about 350'C to about 400<*C, a pressure in the range of about 600 to about 
2,000 psig, a liquid hourly space velocity in the range of about 0. 1 h'^ to about 5 \r\ and a hydrogerr-to-hydro- 
carbon feedstock ratio In the range of about 200 Nm^/m=» to about 900 Nm^/m^ 

55 

Brief Description Of The Drawings 



In the drawings. 
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FIGURE 1 is a graph which illustrates the X-ray diffraction pattern of the alumina-titania catalyst support 
disclosed herein; and 

FIGURE 2 Is a graph which illustrates the X-ray diffraction pattern of the prior art alumina-titania catalyst 
support. 

5 

Detailed Description Of The Preferred Embodiment 

The present Invention is directed to an improved catalyst that utilizes a unique support and three catalyti- 
cally active elements on that support. The support is made of alumina and titania. and is manufactured by co- 

10 precipitation as a hydrogel of an aqueous titanyl (TiO^} salt solution combined with an aluminum sulfate sol- 
ution. Co-precipitation is effected by the addition of a sodium aluminate solution, fllustrative of such any titanyf 
salt solutions are the titanyl halide. e.g., titanyl chloride (TiOC\^, and titanyl sulfate (TiOS04) solutions. Pre- 
ferably, a Group Vl-B transltfon element of the second or third transition series, namely molybdenum (Mo) or 
tungsten (W) is present together with a Group Vlil transition element of the first transition series, namely cobalt 

IS (Co), nickel (Ni) or iron (Fe). and a group VIII transition element of the second transition series, namely ruthe- 
nium (Ru). rhodium (f^) or palladium (Pd), as the three catalytically active elements on the porous alumina 
and titania support 

It has been found that by utilizing a titanyl (TiO^) salt to prepare the catalytic support, sulfates can be more 
readily removed during washing of the produced hydrogel. In addition, the use of a titanyl salts penults more 

20 efficient extrusion of the catalyst support and provides enhanced texture as well enhanced surface acidity for 
the catalyst support. Suitable titanyl salt solutions can be readily obtained up-on hydrolysis of titanium tetra- 
chtorfete or titanium trichloride. 

The amount of titania in the produced catalyst support is about 5% to about 30% by weighty preferably about 
6% to about 1 5% by weight, of the catalyst support By preparing the support in this manner, the titanium and 

25 the aluminum ions are more intimately intermixed throughout the support which facilitates substitution of the 
metals for each other in the support matnx. This, in turn, makes the support more acidic. An optimum support 
surface acidity is achieved when the molar ratio of titanium to aluminum in the support is about 1:9. 

The precipitated alumina and titania hydrogets are spray dried, and the resulting dried powders are then 
blended in the presence of an aqueous organic acid such as acetic acid. If desired, an aqueous inorganic acid, 

30 such as nitric acid, can also be used. An aqueous acid solution that has an acetic acid concentration of about 
0.35 M to about 0.5 M (about 2% to about 3% acetic acid by volume) is prefen^ed. The powder and solution are 
blended into a paste and extmded. The extruded paste is dried at a temperature of atxnjt 30*^0 to about 80*'C. 
preferably about 60*>C, for about 2 hours and at a temperahjre of 60<^ to about ISCC. preferably about 120«C. 
for 3 hours. The dried support is then calcined at a temperature of at>out300*'C to about 400<^, preferably about 

35 350°C, for 2 hours, and at a temperature ofASO^C to about 600°C, preferably about 550X, for atwut 3 hours. 
The prepared catalyst support has a surface area in the range of at>out 130 mVg to about 300 tn^/g, pre- 
ferably about 140m2/g to at>out 250 m^/g. The pore volume of this catalyst support is in the range of atxxtt 0.4 
cm3/g to about 0.8 cm^/g, preferably about 0.45 cm^/g to about 0.65 cm^/g. The pore size range in the catalyst 
support is about 20A to about 500A in diameter. At least about 95% of the total pore volume falls within this 

40 range. 

The surface area and distribution of the pores in a representative catalytic support of the present invention 
was detemnined using the nitrogen Bmnauer-Emmett-Teller (B-E-T) method described in Brunauer et at. J. 
Am. Chem. Soc. 60:309 (1938). The results are provided in Table I below: 

45 
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TABLE I 

Pore Diameter Distribution in the 
Catalytic Support of Example 1, Below 

Average Pore Diameter % Distribution 
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The extruded catalyst support spheres or pellets are preferably about 0.25 cm to about 0.08 cm in diameter. 
The extruded particles are approximately 2.5 to about 5 mm long. The structural strength (bed strength) of the 
20 catalyst Is about 7 kg/cm^ to about 20 kg/cm^ 

The three metal moieties that constitute the catatytlcally active phase are loaded onto the catalyst support 
in a two step procedure. Initially, a Group Vl-B element (s impregnated onto the support. The Group Vl-B ele- 
ment is preferably impregnated onto the support in the form of a metal salt solution, preferably a tungsten or 
molybdenum salt, with a metal concentration sufficient to provide a concentration of about 6% to about 30%, 
25 preferably about 12% to about 30yo of the Vt-B metal (expressed as weight of the corresponding metal oxide) 
by weight of the catalyst. In a preferred embodiment, the impregnating solution is buffered at a pH of about 4 
to about 6. The impregnated catalyst is dried at a temperature of about 3(}**C to about ISO^C, preferably in two 
steps, 60*C for 2 hours and 12D*C for 3 hours, and calcined first at a temperature of about 300*C to 400*C for 
about 2 hours and then at about 450''C to about SSO^'C for about 3 hours. The impregnated support is then 
30 further co-impregnated with a solution of a Group VIII (first transition series) element, i.e. cobalt, nickel or iron, 
preferably cobalt or nickel, and a Group Vlii second transition series element, i.e., ruthenium (Ru). rhodium 
(Rh) or palladium (Pd), preferably Ru or Pd. Preferably about 2% to about 10% by weight of the Group VIII 
element (first transition series), expressed as the weight of the conresponding oxide and based on the weight 
of the catalyst, is loaded onto the support. The Group VIII second transrtton series element is loaded onto the 
35 support in an amount of about 0.1% to about 1% by weight based on total catalyst weight. The impregnating 
solution is preferably buffered at a pH of about 4 to about 6. In a preferred impregnating solution the NiO con- 
centration is about 40 to about 160 g/l and the Ru concentration is abtout 1 to about 12 g/l. The further impreg- 
nated catalyst is dried at a temperature of about 30*'C. to about 150"C. preferably eO-iaC'C, for about 3 hours, 
and calcined at a temperature of about SOCC to about 400*'C for about 2 hours and at about 450*>C to about 
40 SOO^C for about 3 hours. 

This particular combination of preferred metals loaded onto the titania/alumina support descrit>ed herein 
provides a metal dispersion on the catalyst support that enhances the hydrogenating function of the catalyst. 
This particular combination of metals also enhances the activity of the Group VIII (first transition series)/Group 
Vl-B system, which saturates carbon-to-carbon double bonds in the feedstock aromatics and provides resis- 
ts tance to catalyst deactivation by the build-up of coke deposits. The Group VIII (first transition 8eries)/Graup 
Vl-B system offers enhanced hydrogenation capacity due to the presence of the Group VIII second transitk>n 
series element. 

By utiizing the aforesaid double impregnating process, the use of additives to prevent metal precipitation 
in the impregnated solutions is not required. Furthennore, the double impregnation permits better penetratton 
50 of the Group Vl-B elements into the porous catalyst support 

The catalyst of the present invention offers improved dispersion of the catalytically active elemental moi- 
eties impregnated onto the support. The properties of the catalyst are directly related to the dispersion of the 
active elements on the surface of the support. 

The dispersion of the elements on the catalyst support can be measured by X-ray photo-electron spectro- 
55 scopy (XPS). The signals emitted during XPS enable the quantity of elements on the catalyst surface to be 
determined and calculated. 

The XPS technique consists of exciting the atoms cf the material by means of X-rays and measuring the 
energy spectrum of the electrons emitted by photoemission. As the X-rays penetrate only a few angstroms of 
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the catalytic support, the spectmm obtained is a measure of the quantity of the element present on the surface 
of the catalyst. The XPS measurements are made using a Leytx)id LHS-10 apparatus which consists of an X- 
ray source, an energy analyzer and a detector system. The apparatus is operated at an energy level of h 
=1253.6 eV supplied by a magnesium cathode (Mg K) drawing 300 watts at a step energy of 50 eV. Carbon 
5 (1s, 285 eV) and aluminum (2p, 74.8 eV) are taken as standards for calculating the bonding energies. 

The surface dispersion of the metals is detenmined by measuring the total area for the XPS signal intensity 
peak corresponding to each of the metals loaded onto the catalyst The signal band strength ratk> for each ele- 
ment is calculated by dividing the area of the peak for the particular element by the combined area of the par- 
ticular element and the area of the aluminum peak. For example, if the dispersion of cobalt on the support is 
10 to be detenDined, the area of the cobalt peak, represen ted by Co. is divided by the combined area of the cobalt 
peak and the aluminum peak, represented by Al, the general formula being: (Co)/(Co-i>AI). 

The signal band strength ratios for the metals on the support In a preferred embodiment of this inventton 
are about 1 to about 9 for the Group VI-6 element on the catalyst: about 4 to about 12 for the Group Vltl first 
transition series element loaded on the catalyst; about 0.1 to about 3 for the Group VIII second transltton series 
IS element on the catalyst; and about 1 to about 10 for the titanium on the surface of the catalyst. 

Prior to use, the oxide precursor catalyst is activated by reduction-sulfidation reactions which convert the 
acidic, supported metals into metallic sulfides which are the catalytically active species during the hydrotreat- 
menL The sulfidation process takes place In an atmosphere of H2S/H2. The atnriosphere contains about 1% to 
about 10% by weight sulfur. The sulfidation process takes place at atmospheric pressure and at a temperature 
20 of about 200*'C to about 450«»C. 

The sulfidation process, and thus the activation of the catalyst, may also occur In a two phase, gas-liquid 
mixture of H2 and a vacuum gas oil or a light oil containing about 0.5% to about 5% by weight of sulfur from a 
sulfiding agent (spiking agent) such as, e,g. dimethylsulfide. dimethyl disulfide, cartxm disulfide, and the like. 
This alternate sulfidation process Is carried out at a pressure of about 200 psig to about 600 psig, and a tem> 
2S perature of about 230^0 to about 400**C. with stepwise temperature increases of atiout 1 5^C to about 30^0 per 
hour. The volumetric space velocity of the gas-liquid mixture during sulfidation is at>out 1 to about 3h-^ 

The following examples are offered as illustrations of the concepts described herein. Nothing in these Ex- 
amples is to be construed as a limitation on the scope of the inventk>n except within the limits of the claims 
appended hereto. 

30 

EXAMPI-E 1: PREPARATION OF NS-W-RumOj-AlaOj CATALYST 

The catalyst that was prepared by the following procedure was a nickel-tungsten-ruthenium metal system 
catalyst deposited on a titania-alumina support, designated as Ni-w-Ru/Ti02-/M203. 

3S A soiutton was prepared by combining aluminum sulfate [Al2(S04)3; 1.5 kg; 260 g/i], and titanyl chloride 

[^0012; 5 liters; 120 g/l]. A solutton of sodium aluminate (300 g/l) which contained 3 kg of the salt was added 
to the combined n>etal ion solutton to impart a relatively constant pH value of about 7 to about 8 to the combined 
metal solution. A sluny resulted. The slurry was filtered, rinsed with water twice and then spray dried. The re- 
sulting powder was blended with an aqueous solution of acetic acid (2.5% by volume). Approximately 0.6 cc 

40 of the acetic acid solution was added per gram of powder and a sut>stance with a pastey or dough-like consis- 
tency resulted. The substance was extruded into pellets with various geometrical configuratbns such as cyl- 
indrical, trilobal, tetralobal, and the like, the shapes being about 0,16 cm to about 0,12 cm in length. The ex- 
truded composition was dried (60^C for 2 hours; 120<>C for 3 hours) and calcined (SSO^C for 2 hours; 5S0*>C 
for 3 hours). The drying and calcination were done at ambient pressure and in the presence of air. 

45 The calcined support pellets were impregnated in two consecutive steps. In the first step, the support pellets 
were immersed in a solution containing ammonium meta-tungstate (20% by weight as WO3). The pellets were 
dried following the procedure described above and calcined (350°C for 2 hours; 480''C for 3 hours) at ambient 
pressure in the presence of air. Next the dried, impregnated pellets were combined with a solutton of nickel 
nitrate (6% by weight as NiO) and ruthenium oxkle (0.6% by weight ruthenium oxide) thereby further impreg- 

50 nating the pellets with nickel and ruthenium. The impregnated pellets were then dried and calcined following 
the procedure described above. 

The produced catalyst contained about 20 wL-% WO3, about 6 wt-% NiO, and about 0.6 wt-% RuOj on 
66.4 wt.-% TIO2+AI2O3. 

Another catalyst was prepared in a similar manner using a palladium salt instead of a ruthenium salt The 
55 produced catalyst contained about 20 wt.-.% WO3, about 6 wt-% NiO, and about 0.5 wt.-% PdOs on 68.5 wt.- 

% TiOj+AlaOa. 

The above described catalyst was evaluated using a cracked petroleum hydrocarbon feedstock that had 
been previously hydrotreated. The feedstock was previously hydrotreated using catalyst with nickel and mo- 
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lybdenum, and cobalt and molybdenum on an alumina support The previous hydrotreatment occurred at a tem- 
perature of about 360*>C to 380''C. a pressure of about 600 psig to about 1500 psig and a liquid hourly space 
velocity of about 0.5 to about 1 h-'. 

Prior to use. the produced catalyst was activated by sulfidation with carbon disulfide. In the sulfidation pro- 
5 cedure the catalyst was first dried for about 2 hours at about 120^ under a hydrogen gas flow at about 50 
psig. Alternatively, an inert gas such as nitrogen can be utilized during drying. 

Thereafter the drying temperature was gradually increased to about 180^0 at a rate of about SO^C per hour 
while maintaining gas flow through the catalyst. Upon reaching a temperature of about 180*C a light oil feed- 
stock containing about 2 weight percent CS2 and hydrogen were Injected into the catalyst (Hj/hydrocartxan ratio 
10 of about 300 Nm^/m'; LHSV about 2h-i; pressure about 300 psig). 

Next, the catalyst temperature was elevated to about 260°C at the same rate, i.e., about 30°C per hour. 
The catalyst was then held at 260*'C for about 5 hours after which time period the temperature was elevated 
further, at a rate of about 3Q°C per hour to a final temperature of about 320*C. The catalyst was then held at 
320''C for about 3 hours while the feedstock flow was maintained through the catalyst at the aforesaid condi- 
15 tions. 

In use, the present particulate catalyst is contacted with a cracked petroleum hydrocarbon feedstock, under 
hydrocracking conditions, for a time penod sufficient to convert at least a portion of the cracked petroleum hy- 
drocarbon feedstock into dresel oil. Typical such cracked feedstock contains at>out 55 to 65 volume percent 
aromatics, 0.1 to about 0.5 weight percent sulfur, and no more than about 600 parts per million, by weight, of 
20 nitrogen. In general, the process flow during hydrocracking includes the mixing of hydrogen gas with the feed- 
stock, heating of the resulting mixture, and contacting with a cracking catalyst In a reactor, usually a fixed bed 
reactor, under a predetermined hydrogen partial pressure. Hydrocracking processes can be operated at a tem- 
perature in the range of about 200"C to about 425*'C and at a pressure In the range of about 1 00 psig to about 
2,000 psig. 

25 The reactor in which the mild hydrocracking catalyst of the present Invention can be used is operated at a 

temperature of about 350°C to about 400'>C, preferably about deo^C to about 380'*C, a total pressure of atx)ut 
600 psig to about 2,000 psig, preferably about 750 psig to at>out 1500 psig, and a liquid hourly space velocity 
(LHSV) of about 0.1 h-i and 5.0 tr\ preferably about 0.1 h-^ to about 2 h-^. 

The hydrogen-to-hydrocart>on feedstock charge ratio for the miM hydrocracking process that is preferred 

30 for the process using the catalyst of the present is about 200 Nm^/m^ to about 900 HmVrrfi, more preferably 
about 400 Um^lm^ to about 900 Nm^/m^ (Nm^=m3 @ STP). The above conditions provide an optimum envir- 
onment for operatton of the present catalyst 

EXAMPLE 2: PREPARATION OF A PRIOR ART NI-Mo-PmOz-AlzOj CATALYST 

35 

A Ni-Mo-P/TiOs-AisOs catalyst was prepared using ttie procedure generally descrit)ed in European Patent 
No. 0 199 399. Alpha aluminate powder and titania powder were added to a countercurrent batch rmjller and 
premixed dry for 30 minutes. Water and acetic acid were added to the mutler over a 2 minute period and the 
resulting mixture was mulled for 30 minutes. Another aliquot of water was added and mulling was continued 

40 for an additional 15 minutes. The material was extruded, dried (150°C for 12 hours) and calcined (Ses^C for 2 
hours) to fomn the catalyst support. 

A solution of ammonium molybdate was mixed with a solution of an ammonium salt of phosphoric acid at 
room temperature (ammonium salt = 250 gfl; phosphoric acid = 30 g/1). Nickel nitrate [Ni(N03)2-6H20; 375 g/1) 
was added to the mixture and the solution was used to impregnate the catalyst support. The resulting catalyst 

45 had a chemical composition ttiat was 12% by weight of molybdenum (as M0O3). 5% by weight of nickel (as 
NiO). 1.5% by weight phosphorous (as P2O5) and 6% by weight of titania based on the weight of the support 
The anfKxint of metal deposited on the support was determined by atomic absorption for Mo. Nr and T1. and 
emisston by induced current (plasma) for P. Dispersion of metals was determined by XPS technique. The im- 
pregnated carrier was dried and calcined. The catalyst was activated by contacting it with an H2/H2S stream 

50 (200**C for 1 hour, 260°C for 1 hour; and 370°C for 2 hours) All weights were based on the weight of the fmistied 
catalyst 

EXAMPLE 3 : A PRIOR ART Ni-Mo-P/AlaO, CATALYST 

55 A Ni-Mo-P/Al203 catalyst was made according to the procedure generally described in U.S. Patent No. 

4,600.703. A y-alumina was co-impregnated with a solution of nickel nitrate (5.0% by weight NiO), ammonium 
hepta-molybdate (1 5.5% by weight M0O3) and phosphoric ackl (7.5% by wt PjOg) to provide the amounts stated 
on the support. The amount of metal deposited on the surface of the catalytic support was detennlned by the 
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atomic absorption method for Mo and Ni, and emission by induced current (plasma) for P. The impregnated 
catalyst was dried and calcined in a kiln in a conventional manner. The catalyst was activated by sulfidation 
as described in Example 1 above. 

5 EXAMPLE 4 : A PRIOR ART NhW/AljOa CATALYST 

A Ni-W/AlaOa catalyst was prepared using a two-step impregnation of a conventional alumina catalytic sup- 
port. A solution of ammonium metatungstate was combined with the alumina support After the tungsten-im- 
pregnated catalyst was dried andcalclned, it was combined with a solution of nickel nitrate. The tungsten sol- 
10 ution contained tungsten {305 g/l; as WO3). The nickel Impregnating solution contained nickel nitrate (335 g/I). 
The metal loadings on the catalyst support were about 20% by weight of tungsten (as WO3) and 5% by weight 
of nickel (as NiO) based on the weight of the final catalyst 

EXAMPLE 5: COMPARISON OF CHARACTERISTICS OF INVENTION CATALYST SUPPORT WITH PRI- 
15 OR ART CATALYST SUPPORT 

The physical properties of the catalyst support of the present invention (Example 1) and the catalyst sup- 
ports of the prior art (Examples 2, 3 and 4) were compared. The bulk crushing strength of the catalyst supports 
was detenfDined using an Erweka crusher. The cnjshing force was applied to the axial direction of the extruded 
20 pellets. The force required to break the extruded material of a certain size was meas wed. The crustiing strength 
of 30 to 40 samples of each support was measured and the average value reported in Table II. below. 

For all supports, the specific surface area and the pore volume are in the range of 150-200 m^/g and 0.4- 
0.6 cmVg, respectively. However, the support of Example 1 demonstrated improved mechanical crush strength 
of the extrudates over those of the prtor art 

25 

TABLE II 

Physical Prooert iies of Catalyst Sutyports 



30 


Examole 


J. 


2 




-4^ 


Surface Area (B-E-T) 

(mVg) 


220 


168 


175 


200 




Pore Volume (cc/g) 


0.45 


0.53 


0.44 


0.54 


35 


Bulk Crushing Strength 
(kg-f/cm*) 


9.4 


5-0 


8.0 


6.8 



The mild hydrocracking catalyst of the present invention exhibits improved surface acidity even at high tem- 
perature. The resulting catalyst is more selective. Thus, those fractions of the hydrocracked feedstock that hy- 
40 drocrack at temperatures in excess of 370*'C are preferentially converted into diesel oil. 

Table III cxxnpar^ the acidity of the catalyst support of Examples 1 and 2 above and untreated a\vmina 
powder. The acidity of these materials was measured by absorption-desorption of pyndine at selected temper- 
atures within a temperature range of about 30°C to about 400'>C. Table 111 clearly indicates that the support of 
the present invention (Example 1) has a greater acidity and. thus, a greater number of acid sites. Thus, applh 
45 canf s catalyst clearly is more selective for the mild hydrocracking of cracked feedstocks into diesel fiiel. 

TABLE III 

Acidity of the Catalyst 
so Support at Various Temperatures 

Example Support Aciditv (mo l pvridine/o) x 10"^ 







30^0 
3.8 


100»C 


200«>C 


SOO'^C 




55 


1 


0.41 


0.23 


0.10 


0.08 




2 


2.4 


0.26 


0.15 


0.09 


0.03 




Alumina 


2.2 


0.30 


0.16 


0.03 


0.00 
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The catalyst of the present invention has been evaluated to determine the acidity of the support as conv 
pared to catalyst supports of the prior art. Table IV below illustrates that the catalyst of the present invention 
also has a greater number of acid sites than the prior art catalysts of Examples 2 and 3. Again, the acidity of 
the catalyst was measured by absorption-desorptlon of pyridine in the catalyst at selected temperatures within 
5 the range of 30X to 400°C. 
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35 



40 



45 



TABLE IV 

Acidity of the Catalyst at Various Temperatures 

Example Catalyst Acidity (mol pyridine/o) x 10'* 

30«>C lOQ'C 200»C 300*>C 400*>C 

1 2.3 0.54 0.36 0.22 0.13 

2 1.5 0.38 0.11 0.02 0.00 

3 1.7 0.46 0.23 0.05 O.OO 



The catalyst of the present invention also has increased contact between the alumina and titania in the 
20 support As stated previously, the intimate association of alumina and titania in the support improves the acidity 
of the catalyst FIGURES 1 and 2 are the X-ray diffraction spectra of the alumlna-tltania supports of Examples 
1 and 2, respectively. The X-ray diffraction spectra illustrates the crystalline structure of the catalyst support 
by plotting the diffraction angle, 20, against diffraction line intensity. In FIGURES 1 and 2 the zero.point of in- 
tensity was fixed by computer based on the intensity of the principal peak. The intensity scale (in arbritrary units) 
25 was then divided into equal parts. The peaks correspond to the most common distances t>etween the crystal 
planes in the structure. The more defined peaks of FIGURE 1 illustrate that particular distances between crystal 
planes are more common in the catalyst support of the present invention. FIGURE 2, with less defined peaks, 
obviously has a more amorphous or random structure. FIGURES 1 and 2 also illustrate that smaller titania crys- 
tallites are fonmed during the preparation of the catalyst support of thepresent invention. The formation of the 
30 smaller titania crystallites pennits a wider distribution of the crystallites. 

Table V, below, compares the titanium binding energy in the catalyst supports of Examples 1 and 2. The 
differences in the titania binding energy, about 0.6 eV for each orbital measured, indicate that the supports in 
the examples possess different structures, at least with regard to the titania in the support The binding energies 
were detamiined by XPS. 



TABLE V 

Binding Energy of Titanium Electrons 
in the (2p3^) and iZp^n) Orbitals* 

Catalyst Example Binding Energy (eV) 

2Ps/2 

1 457.7 463.3 

2 456.3 463.8 
'Measured hy XPS 



so EXAMPLE 6: COMPARISON OF CHARACTERISTICS OF LOADED CATALYST OF THE PRESENT IN- 
VENTION WITH PRIOR ART CATALYST 

The metal dispersion on the surface of the catalysts from Examples 1-4 are reported in Table VI below. 
The dispersion was measured by XPS. Table VI demonstrates that the surface dispersion of titanium on the 
55 catalyst of the present inventk>n exceeds that found In the prrar art catalyst of Example 2, which had a similar 
catalytic support composition. The titanium dispersion was three times greater in the catalyst of the present 
invention than in the prior art catalyst of Example 2, though actual titanium loadings on the two catalysts were 
comparable. 
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TABLE VI 

Surface Composition of Catalyst 
% Dispersion (Me /Me-t-Al ^ * 



Metal (Me) 
Ni 
MO 
W 
Ti 
P 

Ru 

^Measured by XFS 



Example 1 
4.5 

8.0 
3.7 

1.0 



Example 2 
2.6 
7.8 



1.1 
3.7 



Example 3 
3.0 
6.5 



6.9 



Example 4 
3.9 

3.3 



20 



25 



30 



35 



40 



45 



The catalyst of the present invention exhibits stability over a long period of time and exhibits excellent ac> 
tivity for hydrodesulfurization, hydrodenitrogenation and mild hydrocracking of previously hydrocracked petro- 
chemical feedstocks. 

Table VII, beiow, compares the catalytic activity of the catalysts in Examples 1>4 by using the catalysts to 
mildly hydrocracit a previously hydrocracked feedstodi containing the following based on the total weight of 
the feedstock: sulfiir (0.17% by weight); nitrogen (580 ppm. by weight); 370^C'i- fraction (62 volume-%); and 
aromatics concentration (about 50 volume-%). 

The activities reported in TaUe VI were measured using a standard activity test The reactton for which 
the activities in Table VI were n^easured took place at a temperature of 400°C and a pressure of 600 psig. The 
volume ratio of hydrogen gas (I-I2) to hydrocarbon feed was about 600 Nm^/m^, and the liquid hourly space ve- 
lodty (LHSV) was Ih-^. 

TABLE VII 

Catalyst Activities of Catalysts from Examples 1-4 

Example 
1 
2 
3 
4 



HDS^% 


HDN^% 


MHC'% 


88 


58 


24 


86 


54 


17 


85 


49 


16 


86 


46 


12 



Hydrcdesulfurization activity 
Hydrodenltrogenation activity 
Mild hydroc racking activity 



The catalyst of the present invention not only demonstrates an improved hydrodesulfurizatton and hydro- 
denitrogenation activity over prior art catalysts, but also has a markedly superior mild hydrocracking activity 
than the prior art catalyst 

50 BXAMPLE 7: EFFECT OF RUTHENIUM ON CATALYTIC ACTIVITY OF SUPPORTED NiW CATALYST 

Supported catalysts having the respective compositions set forth in Table VIII, below, were used under typ- 
ical mild hydrocracking conditions with prevtously hydrotreated cracked feedstock. The process conditions in 
both instances were as follows: 



55 Reaction temperature: 
Total pressure: 
Space vetocity (LHSV): 
H2/Hydrocarbon ratto: 



380'*C. 
800 psig 
0.55 fr' 
1000 Nm3/m3 
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TABLE VIII 
Catalyst Composition 

Catalyst of Supported 
Invention NiW Catalyst 

WO3, wt.-% 20 20 

NiO, wt.-% 6 6 

RuO,/ wt.-% 0.6 

TiO,+AljO„ wt.-% 73.4 74 

Properties of feedstock: 
Degrees A.P.I.: 26.0 
Sulfur. wt.-%: 0.394 
Nitrogen, ppm: 460 
37(rc. + fraction, voL-%: 42 

Results from the foregoing treatment are compiled in Table IX, below. 

TABLE IX 
Processino Results 

HDSH MHC'% AS*% 

Catalyst of Invention 93.4 23.8 22.6 

Supported NiW Catalyst 84.7 20.0 13.0 

* Rydrodesiilfurlzation activity 
' Mild hydrocracJcing activity 

* Aromatic saturation activity 

The foregoing data demonstrate the positive effect of ruthenium on hydrodesulfurization, mild hydrocrack- 
ing, as well as aromatic saturation activities. 

The foregoing discussion and examples are intended as illustrations only of the concepts of the invention 
disclosed herein and are not interxJed to limit the invention except as defined by the claims appended hereto. 



Claims 

1 . A catalyst for mild hydrocracking of cracked petroleum feedstocks comprising: 

a porous support comprising alumina and tttania; wherein the alumina is present in an amount in 
the range of about 95 to about 70 weight percent, and wherein the titania Is present In an amount of about 
5 to about 30 weight percent, both based on the weight of the support; and 

a catalytically active tri-elemental phase on the support consisting essentially of a transition element 
of Group Vl-B of the Periodic Table of Elements, a transition element of the first transition series of Group 
VIII of the Periodic Table of Elements, and a transitfon element of the second transition serfes of Group 
VIII of the Periodic Table of Elements; 

said porous support having a surface area in the range of about 130 m2/gram to about 300 m2/gram 
and at least about 95 percent of the pores thereof having a pore diameter in the range of about 20 Ang- 
stroms to about 500 Angstroms; and 

said Group Vl-B transition element being present in an amount in the range of about 6 weight per- 
cent to about 30 weight percent, expressed as weight of the con-esponding oxide and based on the weight 
of the catalyst, said Group VIII first transition series element being present In an amount in the range of 
about 2 weight percent to about 10 weight percent, expressed as weight of the conresponding oxide and 
based on the weight of the catalyst, and said Group VIII second transition series element being present 
in an amount in the range of about 0,1 weight percent to about 1 weight percent, based on the weight of 
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the catalyst 

2. The catalyst according to daim 1 wherein said Group Vl-B element is tungsten. 

3. The catalyst according to dalm 1 wherein said Group Vl-B element is molybdenum. 

4. The catal yst according to daim 1 wherein said transition element of the first transition series of Group VIII 
IS cobalt. 

5. The catalyst according to daim 1 wherein said transition element of the first transition series of Group VIII 
is nickel. 

6. The catalyst according to daim 1 wherein said transition element of the second transition series of Group 
VIII is ruthenium. 

7. The catalyst according to daim 1 wherein said transition element of the second transition series of Group 
Vlil is palladium. 

8. The catalyst according to daim 1 wherein said catalytically active tri-elemental phase consists essentially 
of tungsten, nickel, and ruthenium. 

9. The catalyst according to daim 1 wherein said catalytically active tri-elemental phase consists essentially 
of tungsten, nickel and palladium. 

10. The catalyst according to daim 1 wherein said porous support comprises about 94 to about 90 weight per- 
cent alumina and about 6 to about 15 weight percent titania. 

11. The catalyst according to daim 1 wherein the catalyst exhibits an x-ray photoeiectron spectroscopy signal 
band strength ratio for said Group V)-B element-to-(same Group Vl-B element-plus-aluminum) in the range 
of about 4 to about 1 2, for said Group VIII element of the first transition series-to-(same Group VIII element- 
plus-aluminum) in the range of about 1 to about 9, for titanium-to-(titaniunvplus-aluminum) in the range 
of about 1 to about 10, and for said Group VI It element of the second transition series-to-(same Group 
VIII element-plus-aluminum) in the range of about 0.1 to about 3. 

12. The catalyst according claim 1 wherein said catalytically active tri-elemental phase consists essentially 
of tungsten (W), nickel (Ni) and ruthenium (Ru) and wherein the catalyst exhibits x-ray photoeiectron spec- 
troscopy signal band strength ratios as fdlows: 

W/W+AI about 4 to about 12; 
Ni/Ni+AI about 1 to about 9; 
Ti/Ti+Al about 1 to atwut 10; and 
Ru/Ru+AI about 0.1 to about 3. 

13. The catalyst according to daim 1 wherein said catalytically active tri-elemental phase consists essentially 
of tungsten (W), nickel (Ni)and mthenlum (Ru), and wherein the catalyst exhibits x-ray photoeiectron spec- 
troscopy signal band strength ratios as fdlows: 

W/W+AI about 8: 
Ni/Ni-t-Ai about 4.5; 
Ti/Ti+At about 3.7; and 
Ru/Ru4AI about 1. 

14. The catalyst according to daim 1 wherein said catalyst contains about 20 weight percent WO3, about 6 
weight percent NiO, and about 0.6 weight percent ruthenium oxide, and said alumina and titania support 
constitutes about 66.4 weight percent of the catalyst 

15. The catalyst according to dalm 1 wherein said catalyst contains about 20 weight percent WO3, about 6 
weight percent NiO. and about 0.5 weight percent palladium oxide, and said alumina and titania support 
constitutes about 68.5 weight percent of the catalyst 

16. The catalyst of daim 1 wherein the support has a pore volume in the range of about 0.4 to about 0.8 cm^l 
gram. 
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17. The catalyst of claim 16 wherein the pore volume is in the range of about 0.45 cnr)3/gram to about 0.65 
cm3/gram. 

18. A method for making a catalyst suitable for the mild hydrocracking of ciacked feedstock with significant 
5 amounts of sulfur, nitrogen, and aromatic components, which method comprises: 

providing an alumlna-titania support structure which contains at)out 95 to about 70 weight percent 
alumina and about 5 to about 30 weight percent titania. based on the weight of the support stnjcture; the 
support structure having a pore volume in the range of about 0.4 to about 0.8 cm^/gram, a surface area 
in the range of about 130 to about 300 m^/gram, and having at least-about 95 percent of the pores of a 
1Q diameter in the range of about 20 Angstroms to about 500 Angstroms; 

impregnating the alumina-trtania support with a first component selected from Group Vl-B of the 
Periodic Table, the impregnation taking place in an aqueous solutton. buffered at a pH value in the range 
of about 4 to about 6. of a salt of the first metallic component so as to obtain a catalyst composition that 
Is about 6% to about 30% by weight of the first component expressed as the weight of the corresponding 
f5 oxide of the component; 

drying the Impregnated support; 

calcining the impregnated support; 

further impregnating the dried, inpregnated support with a second elemental component selected 
from the first transition series of Group VIII of the Periodic Table, so as to obtain a catalyst composition 
20 that is about 2 to about 10 by weight of the oxide of the second component based on the weight of the 

catalyst, and with a third elemental component selected from the second transition series of Group Vlli of 
the Periodic Table so as to obtain a concenbtition of about 0.1% to about 1% by weight of the third com- 
ponent on the catalyst based on the weight Of the catalyst; 
drying the further impregnated support; and 
25 calcining the dried, further impregnated support. 

19. The method of daim 18 wherein the drying steps are carried out at a temperature of afc>out 60°C. 

20. The method of claim 1 6 wherein the calcination is carried out first at a temperature of at>out 300*^0 to about 
^ 400<*C for about two hours and then at a temperature of about 450°C to about 550<*C for about 3 hours. 

21. The method of daim 18 wherein the produced catalyst is activated by sulfidation. 

22. The method of darm 21 wherein said sulfidatton is carried out with carbon disulfide. 

35 23. A method of forming an alumina-titania support suitable for use as a catalyst support which comprises 
combining aqueous solutions of aluminum sulfate and a titanyl salt to form an admixture; 

co-precipitating titanium and aluminum hydrogels from the admixture by the addition of sodium alu- 
minate; 

recovering the co-precipitated hydrogels; 
40 drying the recovered co-predpitated hydrogels; and 

calcining the dried support. 

24. The method of daim 23 wherein the sodium aluminate sdution is added in an amount sufficient to achieve 
a constant solution pH of about 7 to about 8 in the admixture. 

^ 25. The method of daim 23 further comprising blending the dried, co-precipitated hydrogels with an aqueous 
solutk>n and forming a paste; 
extniding the paste; and 
drying the extruded paste. 

50 

26. The method of daim 25 wherein the aqueous solution comprises acetic acid or nitric acid. 

27. The method of daim 26 wherein the aqueous solution is added in an amount of about 0.6 cm^ per gram 
of dried, co-precipitated hydrogels. 

55 28. The method of daim 25 wherein the extruded paste is dried first at about eo^'C for about 2 hours and then 
at 120*'C for about 3 hours. 

29. The method of daim 23 wherein the alumina-titania support is dried at a temperature of about SO'^C to 
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about 150'*C for about 1 to about 8 hours and calcined at a temperature of about 300^C to about 400^C 
for about 2 hours and attout 450''C to about S50**C for about 3 hours. 

30. A mild hydrocracking process suitable for a cracked petrdeum hydrocart>on feedstock that contains sulfur, 
nitrogen, and aromatic components, which process comprises: 

contacting said cracked hydrocarbon feedstock, under hydrocracking conditions, with a particulate 
catalyst constituted by a porous support comprising alumina and titania; wherein the alumina is present 
in an amount in the range of about 95 weight percent to about 70 weight percent, and wherein the titania 
is present in an amount of about 5 to about 30 weight percent, both based on the weight of the support; 
and a catalytically active tri-eiementai phase on the support consisting essentially of a transition element 
of Group Vl-B of the Periodic TaWe of Sements, a transition element of the first transition series of Group 
Vlil of the Periodic Table of Elements, and a transition element of the second transition series of Group 
VIII of the Perbdic Table of Elements; said porous support having a surface area in the range of about 
130 m^/gram to about 300 rn^fgram and at least about 95 percent of the pores thereof having a pore dh 
ameter in the range of about 20 Angstroms to about 500 Angstroms; and said Group Vl-B transition ele- 
ment being present in an amount in the range of about 6 weight percent to about 30 weight percent, ex- 
pressed as weight of the corresponding oxide and based on the weight of the catalyst, said Group VIII 
first transition series element being present in an amount in the range of about 2 weight percent to atxiut 
10 weight percent, expressedas weight of the corresponding oxideand based on the weight of the catalyst, 
and said Group VIII second transition series element being present in an amount in the range of at>out 
0.1 weight percent to about 1 weight percent based on the weight of the catalyst, for a time period sufficient 
to convert at least a portion of sakl cracked petroleum hydrocart>on feedstock into diesel oil. 

31. The mild hydrocracking process in accordance with daim 30 wherein said hydrociacking conditions in- 
clude a temperature in the range of at>out 360*^0 to about SSO^'C. a pressure in the range of about 750 to 
about 1 .500 psig, a liquid houriy space velocity in the range of about 0.1 h-^ to at>out2 h-\ and a hydrogen- 
to-hydrocarbon feedstock ratio in the range of about 400 Mm^/m^ to about 900 Nm^/m*. 

32. The mild hydrocracking process in accordance with daim 30 wherein said hydrocracking conditions in- 
clude a temperature in the range of about 350"C to about 400'C, a pressure in the range of about 600 
psig to about 2,000 psig, a liquid houriy space velocity of about 0.1 h-^ to about 5 \\'\ and a hydrogen-to- 
hydrocarbon feedstock ratio in the range of about 200 Nm^/m^ to about 900 Nm^/mS. 
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